Most severe forms of intellectual disability (ID) have specific genetic causes. Numerous X chromosome gene defects and disease-causing copy-number variants have been linked to ID and related disorders, and recent studies have revealed that sporadic cases are often due to dominant de novo mutations with low recurrence risk. For autosomal recessive ID (ARID) the recurrence risk is high and, in populations with frequent parental consanguinity, ARID is the most common form of ID. Even so, its elucidation has lagged behind. Here we review recent progress in this field, show that ARID is not rare even in outbred Western populations, and discuss the prospects for improving its diagnosis and prevention.
ID: a major unsolved problem of healthcare Early-onset cognitive impairment, commonly referred to as mental retardation or, more recently, ID [1] , is defined as a disability 'characterized by significant limitations both in intellectual functioning and in adaptive behavior', and which 'originates before the age of 18' [2] with an IQ below 70 (= IQ 100 -2SD) which is generally considered to be the threshold for ID. According to this definition, ID is estimated to affect 1-3% of Western populations [3] but is significantly more common elsewhere, with malnutrition, cultural deprivation, poor healthcare, and parental consanguinity as predisposing factors. Worldwide, ID is a major socioeconomic problem, the most costly of all diagnoses listed in the International Classification of Diseases (ICD10, http://www.cdc.gov/nchs/icd/icd10.htm), and the most frequent reason for referral to genetic services [4] . ID may be the only clinical symptom or it may be part of a clinically recognizable syndrome, but specific clinical features will often only be apparent when comparing several patients [5] , and a sharp distinction between syndromic and non-syndromic forms (NS-ID) is not possible.
Most autosomal recessive gene defects are still unknown Since 1991, the year when common fragile X syndrome was elucidated, more than 100 X-linked gene defects have been implicated in ID, as reported and reviewed elsewhere [6, 7] . During the past decade numerous de novo and recurrent copy-number variants (CNVs) have been identified that cause or predispose to ID [8] and more recently, sequencing of affected individuals and their healthy parents has indicated that in sporadic patients, de novo basepair changes are another important cause of ID ( [9] [10] [11] and references therein). By contrast, research into autosomal recessive ID (ARID) has lagged behind, possibly because in Western societies where most of the genetic research takes place, families are usually small, which has hampered mapping and identification of the underlying gene defects. This problem has been partly overcome by the introduction of high-throughput DNA sequencing techniques (Box 1). However, it has been shown that ARID is extremely heterogeneous, that the total number of ARID genes may run into the thousands (reviewed in [4] ), and that the vast majority of these are still unknown.
Homozygosity mapping in consanguineous families
Homozygosity (or autozygosity) mapping in consanguineous families is the strategy of choice for mapping genes for recessive disorders in the human genome [12] (Box 1). Before 2002, virtually nothing was known about the molecular causes of ARID and, until 2006, no more than three genes for non-syndromic ARID had been identified, all by microsatellite-based homozygosity mapping in large consanguineous families and subsequent mutation screening of functionally plausible positional candidate genes [4] ( Table 1) .
The first large study employing single-nucleotide polymorphism (SNP) arrays to map ID genes [13] identified single homozygous linkage intervals in 8 of 76 consanguineous Iranian families with two or more affected children. None of these intervals overlapped, indicating that ARID is highly heterogeneous. This was confirmed by subsequent studies [14, 15] . Thus, in contrast to non-syndromic recessive deafness, where 50% of the patients have mutations in a single gene (reviewed in [16] ), these studies did not identify any frequent forms of ARID.
Many of the homozygous intervals in these families were large, which meant that hundreds of genes often had to be screened to identify the causative mutation. Nevertheless, systematic Sanger sequencing has led to the identification of numerous novel genes for nonsyndromic ARID (Table 1) ([4] and references therein; [17, 18] ).
Next-generation sequencing (NGS): a new dimension in the elucidation of ARID
The introduction of high-throughput NGS techniques (Box 2) has revolutionized the genetic dissection of ID and the identification of gene defects underlying ARID. TECR was the first gene for which a causative homozygous variant was identified by whole-exome enrichment and Box 1. Traditional strategies to map ARID genes Screening for disease-associated CNVs by array-comparative genomic hybridization (a-CGH) CNVs are structural variations in the genome which consist in gains and losses of large chunks of DNA sequence with a range in length from 1000 bp to 5 Mb (cytogenetic level of resolution). Because CNVs change the structure of the genome, their functional effect could crucially depend on whether they change the sequence or relative location of specific segments of genomic DNA.
Linkage mapping in multiple-affected families Genetic linkage is the tendency whereby alleles at loci close to each other on a chromosome will be inherited together during meiosis because they are less likely to be separated by a crossover event. Conversely, if loci are far apart or on different chromosomes then recombination will occur by chance in 50% of meioses. The recombination fraction ranges from 0 (tight linkage) to 0.5 (no linkage) and is a measure of genetic distance. Linkage can be used to map disease genes by typing DNA markers (i.e., SNPs) and seeing if their alleles cosegregate with the disease phenotype.
Homozygosity mapping in consanguineous families
Consanguineous families are common in countries belonging to the 'consanguinity belt' that extends from Morocco to India, and in migrant communities now permanently resident in Western Europe, North America, and Australasia [96] (see also http://www.consang. net/). It is estimated that about 20% of the human population live in communities with a preference for consanguineous marriage and that at least 8.5% of children have consanguineous parents ( [97] and references therein). Globally, the most common form of consanguineous union is between first cousins, who share 1/8 of their genes, and their progeny therefore show autozygosity at 1/16 of all loci. Conventionally, this is expressed as the coefficient of inbreeding (F), and for first-cousin offspring F = 0.0625 [98] . The children of consanguineous individuals will have more homozygous DNA than the offspring of an outbred marriage. This leads to an increased likelihood of rare, recessive disease-causing variants being inherited from a common ancestor via both maternal and paternal lineages. Homozygosity mapping is based on the fact that the affected offspring of consanguineous matings will not only be homozygous by descent for the causative gene defect, but also for flanking genetic markers located on the same chromosomal segment. 
Box 2. Disease gene identification by NGS
In the past a traditional way to identify Mendelian disease genes was Sanger sequencing of candidate genes selected by positional mapping (i.e., linkage analysis, homozygosity mapping), by their relation to other genes responsible for similar phenotypes, or because the encoded proteins were known to be physiologically or functionally relevant to the disease in question. The introduction of NGS has revolutionized the genetic dissection of monogenic diseases, allowing the identification of gene defects underlying ID in familial cases even where linkage analysis would be impossible due to insufficient family information (size of the family, number of affected per family, etc.) as well as in sporadic cases and encompassing diverse models of inheritance. Moreover, it can be applied to the detection of CNVs. Few major NGS platforms exist (reviewed in [108] ). Although they use different enzymology, chemistry, high resolution optics, hardware and software, nevertheless they share some commonalities -they generally start with fragmented genomic DNA, ligated with platform specific linker, then selectively amplified by PCR, ready for massively parallel sequencing resulting in millions of short reads. NGS can be applied to sequencing of the entire human genome (referred to as whole-genome sequencing, WGS), to the entire protein-coding sequences (known as whole-exome sequencing, WES), and also to a subset of genomic regions (i.e., exons within the homozygous loci or linkage intervals) or to a subset of target genes. Despite the advantage of NGS technologies compared to previous methods, including increased speed and reduced costs, the major challenge resides now in the interpretation of the large number of variants identified. It will be crucial to develop strategies for disease variant prioritization, including robust bioinformatics procedures to filter the relevant changes. This process could take advantage also of the development of databases of genetic variants present in affected and healthy individuals.
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Trends in Genetics January 2014, Vol. 30, No. 1 sequencing (WES) of a large consanguineous family with NS-ID [19] , and a missense mutation in this gene was recently found to be a common cause of NS-ID in Hutterites [20] . TECR codes for trans-2,3-enoyl-CoA reductase (also referred to as synaptic glycoprotein 2), which reduces trans-2,3-stearoyl-CoA to stearoyl-CoA of long and very long chain fatty acids (VLCFA). Perturbations of VLCFA metabolism have also been observed in other neurological disorders such as adrenoleukodystrophy and Zellweger syndrome, and mutations affecting FACL4, which is involved in the degradation of VLCFA and the production of key intermediates in the synthesis of complex lipids, are known to cause X-linked ID [21] .
More recently, a large study highlighted the extraordinary potential of NGS for unraveling the molecular basis of ARID [22] . Instead of performing WES, these authors opted for the enrichment and sequencing of exons from homozygous linkage intervals in consanguineous Iranian families. In 78 of 136 families investigated a single, apparently disease-causing sequence variant was identified. Of these families, 26 had homozygous mutations in 23 genes previously implicated in ID or related neurological disorders and, in addition, single homozygous mutations were found in 50 novel candidate genes for ARID, mostly in patients with apparently 'pure' or NS-ID (Table 2) . Followup studies have revealed additional clinical symptoms in patients with mutations involving the same genes, thereby confirming their postulated role in ID, but also illustrating the clinical variability of these gene defects.
It is noteworthy that, in about 40% of the families studied, potentially causative gene defects could not be identified. In populations where parental consanguinity is common, not all recessive conditions are due to autozygous changes, which were the only target of this study; other In outbred populations, most patients with recessive forms of ID or related disorders will be sporadic cases. ID families are mostly non-consanguineous and only a small proportion have multiple affected siblings [23] . Recently, the first systematic WES study including 19 such families revealed compound heterozygous frameshift changes in the DDHD2 gene, which encodes one of the three mammalian intracellular phospholipases A(1) [24] , as well as pathogenic mutations in two known X-linked ID genes. Potentially pathogenic mutations, including three compound heterozygous and two homozygous changes, were identified in five candidate genes not previously implicated in ID [23] . Thus, the diagnostic yield of this study (42%) was only slightly inferior to one performed in consanguineous families (57%) [22] , although it remains to be seen how many will be confirmed by validation studies.
Most novel candidates are bona fide ARID genes Many of the recently reported novel candidate genes are very attractive candidates because of their synapse-or brain-specific function; others involve basic cellular processes which have been repeatedly implicated in ID, such as DNA transcription and translation, protein degradation, mRNA splicing, energy metabolism, or fatty-acid synthesis and turnover [22] . Conclusive proof for their indispensable role in the brain has been obtained for a growing number of these genes through the identification of additional mutations in unrelated families, studies in mouse or fly models, or by other means.
For example, mutations in the LARP7 gene have now been observed in two unrelated families. LARP7 encodes a negative transcriptional regulator of polymerase II genes, acting by means of the 7SK ribonucleoprotein (RNP) system [25] . After the first description [22] , a second loss-offunction mutation in LARP7 was described in a family from Saudi Arabia with primordial dwarfism, intellectual disability, and dysmorphic facial features [26] .
In a consanguineous family with ID, facial dysmorphisms, and cataracts, a homozygous intragenic CACNA1G deletion was described that is predicted to remove at least 20 amino acids of CACNA1G, abolishing its function. CAC-NA1G is a T-type calcium channel with a crucial role in the generation of GABA B receptor-mediated spike and wave discharges in the thalamo-cortical pathway ( [27] and references therein). A second homozygous CACNA1G mutation has been found that removes a single but apparently essential amino acid (F.S. Alkuraya, Riyadh, personal communication) in several members of a previously described Arab family with a severe syndromic form of ARID [28] . Moreover, a de novo deletion removing one copy of the CACNA1G gene has been found in a male patient [29] whose clinical features closely resembled that of Iranian patients with a homozygous intragenic CACNA1G deletion [22] .
Mutations in the NSUN2 gene have been identified in five unrelated consanguineous families. Together, these findings revealed the syndromic nature of this condition, which includes characteristic facial features and variable other clinical signs [30] [31] [32] . NSUN2 encodes an RNA methyltransferase which methylates cytosine to 5-methylcytosine (m5C) at position 34 of intron-containing tRNA(-Leu)(CAA) precursors [33] . A Drosophila model of this was generated by deleting the NSUN2 ortholog, which resulted in severe short-term memory (STM) deficits, pointing to an important role of RNA methylation in cognition [30] . NSUN2 is now the third RNA-methyltransferase gene linked to ID. Previously, FTSJ1 (MRX9, MIM #309549) had been implicated in X-linked NS-ID [34] , and recently TRMT1, which encodes a tRNA (G26) dimethyltransferase, was identified as a novel candidate gene for ARID [22] .
ZC3H14, mutated in a consanguineous family with NS-ARID, is another gene whose indispensable role in the central nervous system has been supported by a Drosophila model. ZC3H14 is the human ortholog of the Drosophila Nab2 protein, which binds to polyadenylated mRNA and restricts the length of the poly(A) tail, and this protein was also found to be indispensable for normal behavior in the fly [17] (see Table 1 ). ZC3H14 is a new member of the growing list of ID genes with a role in mRNA metabolism, including FMRP, FMR2P, PQBP1, UFP3B, DYRK1A, and CDKL5 ( [35] for review).
ARID is extremely heterogeneous and clinically variable
At the time of writing, 40 genes have been implicated in NS-ID (Tables 1 and 2 ). In 11 of these, apparently pathogenic mutations have been detected in more than one family. A mutation in the neurotrypsin gene (PRSS12) has been found in two apparently unrelated Algerian families with NS-ID (reviewed in [4] and references therein). A mutation in the CC2D1A gene, the product of which regulates expression of the serotonin receptor 1A gene in neuronal cells, had been identified in nine nuclear families and more recently in a Pakistani family ( [36] and references therein). Other established ARID genes include TUSC3 which is required for cellular Mg 2+ uptake, trafficking protein particle complex 9 (TRAPPC9), and ST3 bgalactoside a-2,3-sialyltransferase 3 (ST3GAL3) ( [4] and references therein; [37] [38] [39] [40] ), MAN1B1 encoding an enzyme which functions in N-glycan biosynthesis [22, 41] , the transcriptional regulator ZNF526, and ELP2 [22] which encodes a subunit of the RNA polymerase II elongator complex [42] . Finally, CRADD has been identified as new gene for NS-ARID in affected children from different Old Order Amish and Mennonite sibships [43] . CRADD codes for a caspase recruitment domain and death domaincontaining adaptor protein that activates caspase 2, a novel candidate gene for NS-ARID [22] , and is required for neuronal apoptosis [44] .
For many of the recently described gene defects that give rise to ARID the clinical picture has turned out to be complex and variable. ADK deficiency may lead to NS-ARID or present with severe developmental delay, persistent hypermethioninemia, and mild liver dysfunction [45] , and KIF7 mutations have been reported in two different, clinically distinguishable ID-malformation syndromes ( [46] and references therein). ARID genes have also been implicated in conditions that are apparently unrelated to ID, pointing to pleiotropic functions of these genes. For example, overexpression of the fatty acid synthase FASN, a strong positional and functional candidate gene for ARID [22] , predisposes to leiomyomatosis [47] , and homozygous inactivation of FTO, which encodes an RNA demethylase and has been previously implicated in obesity [48] , has been shown to result in severe developmental delay with malformations [49] .
A role for recessive factors in epilepsy, autism, and other psychiatric disorders? ID is frequently associated with psychiatric and/or neurological disorders (reviewed in [50] ). Based on the International Classification of Diseases (ICD, 10th revision) it has been estimated that between 14% and 39% of individuals with ID present with comorbid psychiatric diagnoses.
Epilepsy is among the most frequently associated disorders [50] , with a frequency ranging from 5.5% to 35%, which is similar to the 20-27% reported by populationbased studies of children with epilepsy and some degree of ID ( [51] and references therein). In patients with mild to moderate ID its frequency is 15%, but it may exceed 30% if the ID is severe or profound [52] . Moreover, epilepsy is seen in about half of the X-linked ID syndromes (reviewed in [53] ). A number of well-known genetic disorders share ID, epilepsy, and autism as prominent clinical features, including tuberous sclerosis, Rett syndrome, and fragile X [54] .
In recent years, the contribution of structural genome variation to epilepsy has become increasingly evident. The most common CNVs associated with epilepsy, at 15q13.3, 15q11.2, and 16p13.11, also confer susceptibility for learning disabilities (reviewed in [8] and references therein) suggesting that common genetic factors could have a causative role. NGS has also been instrumental in identifying genes for recessive syndromes encompassing epilepsy and ID. One of the earliest applications of this technology was the identification of homozygous and compound heterozygous changes in the TBC1D24 gene, which encodes a Rab GTPase activator, in an Arab family with seizures and ID [55] , and in an Italian family with infantile myoclonic epilepsy (MIM #605021) [56] , respectively. Since then, two additional families with recessive mutations in TBC1D24 have been described with early infantile epileptic encephalopathy 16 (MIM #615338) [57, 58] .
Recently, homozygous frameshift mutations in the PRRT2 (proline-rich transmembrane protein 2) gene have been identified in two families with ID and epilepsy in infancy [22, 59] , whereas heterozygous truncating and missense mutations were shown to cause dominant infantile epilepsy (MIM #605751) and episodic dyskinesia (MIM #128200) ( [60] and references therein). These findings again highlight the stunning clinical variability of mutations involving the same gene.
In patients with ID autistic signs are also common, and most patients with autism have some degree of cognitive impairment [61] . Numerous genetic defects have been implicated in ID and autism, including mutations in Xlinked genes (e.g., NLG3, NLG4 [62, 63] , TMLHE [64] , and CNVs (reviewed in [8] ) or apparently dominant de novo mutations ( [65] and references therein), and it is likely that the strong comorbidity between ID and other major psychiatric disorders [66] is also due, at least in part, to shared genetic factors (e.g., [67] [68] [69] ).
In several genes for autosomal recessive ID, including KDM6B (lysine demethylase 6B), MED13L, which encodes for a subunit of the mediator complex, and nudE nuclear distribution E homolog 1 (NDE1) [22, 70] , dominant de novo mutations or loss of one entire gene copy have been described in autistic patients [71, 72] . Nevertheless, there is little direct evidence for a causative role of recessive gene defects in autism and other psychiatric disorders.
In part this may be due to the focus of autism and schizophrenia research on common genetic risk factors (e.g., [73] ) and, recently, on dominant de novo mutations (e.g., [71, [74] [75] [76] ) which may account for about 20% the sporadic cases [65] . Array CGH studies in consanguineous families have identified several homozygous deletions encompassing autism candidate genes, one of which was also found to be mutated in a non-consanguineous family with autism spectrum disorder (ASD) [77] . In simplex ASD families, affected individuals with IQ<70 have longer homozygous segments in their genome than unaffected siblings, but probands with an IQ>70 do not show this excess. Thus, long stretches of homozygosity may confer susceptibility to autism with low IQ or to low IQ alone [78] .
Homozygous, compound heterozygous, or homozygous hypomorphic mutations in disease genes are known to associate with monogenic autosomal or X-linked recessive neurodevelopmental disorders, and potentially causative mutations in candidate genes were found in consanguineous and outbred ASD families by WES [79, 80] . This finding, together with the identification of a twofold increase in rare complete knockout mutations in ASD patients compared to controls [81] , provide convincing evidence that autosomal recessive gene defects play a role in autism, but their frequency is still unknown.
Finally, consanguinity has also been suggested as a risk factor for bipolar disorder and schizophrenia [82, 83] , but even less is known about the contribution of autosomal recessive mutations to the pathogenesis of these diseases.
How frequent are recessive forms of ID?
In the small families of outbred Western societies, most patients with recessive forms of ID or related disorders will be sporadic cases. If couples with offspring have two children on average, which is close to the actual situation in Europe ( [84] ; M. Kreyenfeld, Rostock, personal communication), only one of four patients will have an affected sibling and will be identified as a familial case. In Central Europe, between 3.3 and 6% of patients with ID referred to genetic services are familial cases [10, 23] . Taken at face value, this suggests that recessive forms of ID account for 13-24% of the cases in Europe. However, this may be an overestimate because it is based on the assumption that parents with a single affected child will be equally likely to seek genetic advice as parents with two or more affected children, which is probably not true.
Given the low rate of parental consanguinity in developed countries, most patients with ARID are expected to be compound heterozygotes carrying two different diseasecausing alleles [85] . This is in keeping with a recent study Review Trends in Genetics January 2014, Vol. 30, No. 1 focusing on dominant de novo mutations in sporadic ID [86] . No homozygous disease-causing mutation was found in 51 sporadic patients, but some carried two allelic and probably pathogenic mutations in functional candidate genes, suggesting that a minor proportion of the cases may be due to ARID. However, the true proportion of ARID must be higher because familial cases and consanguineous families were not included in this study, some compound heterozygotes may have been overlooked because they are more difficult to detect by NGS, and mutations in noncoding DNA have not been taken into consideration. Detectable and submicroscopic chromosomal rearrangements account for approximately 25% of all individuals with severe ID, and X-linked factors are thought to be responsible for 10-12%. De novo mutations have been found in 16 and 31%, respectively, of sporadic patients [11, 86] , but their true frequency may be even higher. Taken together, in outbred populations ARID may account for about 10-20% of the cases, which leaves room for oligogenic/polygenic forms of ID, which have been the subject of a recent review [87] .
In populations where parental consanguinity is common, autosomal recessive gene defects must be an even more important cause of ID. In families from the Middle East, autosomal recessive disorders were found to be almost threefold more frequent among inbred as among noninbred cases [88] . In Jordan, autosomal recessive inheritance was observed in 32% of the families counseled and, of the 27% sporadic cases without a definite diagnosis, 30% were also ascribed to autosomal recessive gene defects [89] . Thus, in these countries, ARID should be the most common genetic cause of ID -and a particularly promising target for diagnosis and prevention.
Implications for research and healthcare Despite the remarkable progress in the elucidation of autosomal recessive forms of ID, it is likely that the several hundred genes already implicated in syndromic or nonsyndromic ARID (see [90] and references therein) and related disorders are vastly outnumbered by the many ARID genes still waiting to be found. Considering that on the X chromosome alone, which carries 4% of all human genes, already more than 100 ID genes have been identified [6, 7] , there should be at least 2500 autosomal ID genes, and most of the novel forms of ID should be autosomal recessive, which is supported by functional considerations and evidence from model organisms.
NGS in families with two or more affected individuals has proven to be an extraordinarily effective approach for identifying novel recessive causes of ID, and international collaborations including the GENCODYS consortium (http://www.gencodys.eu/) have set out to identify the molecular causes of ARID in a systematic fashion. Although autozygosity mapping followed by targeted exon sequencing [22] is a successful and cost-effective strategy for finding causative gene defects in consanguineous families, it will only detect homozygous mutations. However, in families from Western industrialized countries, compound heterozygous mutations are common, and even in countries with frequent parental consanguinity, compound heterozygosity is not rare (H. Najmabadi, Tehran, personal communication). This argues for using WES as a more comprehensive strategy to elucidate novel causes of ARID, even though, as with targeted exon sequencing, it will miss most non-exonic mutations. Intronic changes [91] and mutations in non-coding regulatory sequences are only detectable by whole-genome sequencing (WGS), and another advantage of WGS is its more even coverage. This is why WGS does not require very high sequencing depths, and it may soon become an affordable alternative to WES.
Increasingly, WES has been proposed as a comprehensive diagnostic tool for detecting mutations in patients with ID and related disorders [92, 93] . In a diagnostic setting, targeted NGS-based tests encompassing all genes implicated in ID or related disorders could be equally useful, but much cheaper and easier to read, and they will not yield any unsolicited results. Targeted tests of this kind have been developed for a variety of genetically heterogeneous conditions such as deafness and blindness, and a broad test for severe recessive childhood diseases is already routinely employed in healthcare [94, 95] .
Concluding remarks
After having been disregarded for a long time, recessive gene defects are being discovered at a rapid pace as important causes of ID. Comprehensive and affordable tests to rule out all known forms of ARID will have a major effect on the diagnosis and prevention of ID, not only in developing countries where parental consanguinity is common but also elsewhere.
